Zwitterionic surfactants-β-alkyl aspartates are prepared by the addition reaction of ammonia to alkyl maleates. Factors are discussed that influence the quality and yields of obtained β-alkyl aspartates. Structures of obtained surfactants are confirmed by 1 H NMR and IR spectra. The applicability of these materials is characterized by evaluation of their surface activity, toxicity and biodegradability.
Introduction
No washing or cleaning process is imaginable without an exploitation of detergents with surface-active substances (surfactants) as their integral ingredient. Zwitterionic (amphiphilic) surfactants form probably the youngest group in the widespread surfactant family. The need for production and utilization of environmentally friendly surfactants grows together with the substantial increase of volumes of their consumption nowadays. Requirements for modern surfactants are quite severe-they should be highly efficient in washing and/or cleaning processes, non-toxic (or at least only slightly toxic), biodegradable (capable to decompose after entering into the environment in a reasonable time), and sufficiently low-cost materials allowing customers purchasing them in a necessary quantity. Clearly recognizing the need for such advanced materials as a contemporary problem, results of our recent investigations about the elaboration of modern surfactants are presented in the communication. The proposed surfactants correspond to all four claims mentioned above. An idea is proposed (as a hypo-thesis) that surfactants containing a nonsubstituted amino group in α-amino acid-aspartic acid might correspond better to high claims mentioned above than N-substituted derivatives of amino acids. Such surfactants would have hydrophilic parts that were very similar to amino acids of the animal world and therefore might become easily degradable by microorganisms. They would maintain a high surface activity due to the hydrophobic alkyl chains in their β-ester groups at the same time. The proposed surfactants are a little bit similar to famous lysine derivatives acylated at ω-nitrogen atom, these lysine derivatives being considered as highly efficient detergents nowadays [1] - [3] . The amide bond at ω-N atom makes lysine derivatives less biodegradable than materials proposed in the present communication-β-alkyl aspartates that contain ester bonds, the last entering hydrolysis reactions very much easier than amides.
Several synthetic methods for the preparation of zwitterionic surfactants have obtained full recognition nowadays. They include chemical or enzymatic transformation of amino acids into their esters, conversion of amino acids into their derivatives with hydrophobic N-alkyl or N-acyl group at the nitrogen atom, as well as addition of fatty primary amines to the C=C double bonds of α, β-unsaturated acids or their derivatives [4] - [11] .
All these methods have allowed manufacturing surfactants with excellent washing and cleaning properties as well as acceptable biological properties. It should be emphasized at the same time, that substituted α-amino acids have formed in all these transformations containing long chains of carbon atoms at α-O-or α-N-atoms. Surfactants containing nonsubstituted α-amino acid moiety in their hydrophilic part are prepared few and far between [10] - [13] . Enzymatic and synthetic methods have provided various yields of such zwitterionic surfactants, the yields of derivatives of amino dicarboxylic acids usually being somehow lower. For example, the best yield of β-dodecyl aspartate was only 40% when aspartic acid and 1-dodecanol were transformed into the mono-dodecyl aspartate in the presence of sulfuric acid [14] .
A different approach to the synthesis of β-alkyl aspartates is considered in the present communication-addition of ammonia to hemiesters of maleic acid. It would rehabilitate alkyl aspartates, if successful, and make them available to the large community of users. Surfactants prepared this way would contain a non-substituted α-amino acid in its hydrophilic part and a long linear alkyl chain connected to the oxygen atom of β-ester group in its hydrophobic part. Therefore, it is expected that these surfactants will be less toxic and much better biodegradable substances than derivatives of N-substituted α-amino acids used nowadays as surfactants and will maintain the well-known excellent washing and cleaning properties characteristic for materials of this group.
Therefore, the objective of the communication is to propose a group of new surfactants that are marginally close to natural substances-hemiesters of aspartic acid and a way of their synthesis. These substances may have advanced properties by comparison with existing surfactants.
Experimental

Synthesis of β-Dodecyl Aspartate (2b)
Dodecyl maleate (1b, 5.68 g, 20 mmol) and a solution of ammonia in tetrahydrofuran (THF, 90 mL, 600 mmol, conc. 6.67 mol/L), were placed in a closed steel reactor with a magnetic stirrer and stirred at 50˚C for 24 hours with stirring rate 300 rpm. After that the reactor was cooled to room temperature, opened, the solution was poured into a conical flask and placed in the refrigerator for 48 hours. The precipitate formed was separated by filtration (with suction, on a Büchner funnel), and dried in a vacuum desiccator over P 2 The filtrate of the aspartate (2b) synthesis was turned in a dense oil after the evaporation of it in vacuum. The oil was extracted with hexane (3 × 25 mL), and the joint hexane extract was evaporated in vacuum. As a result, 1-dodecanol (6b, 1.53 g, 25.3%) was obtained in the form of a solid with m.p. 25˚C -26˚C. The solid residue left after the extraction (0.30 g, 5.1%) had after crystallization from water m.p. 217˚C -220˚C (decomposition) and had turned out to be D,L-asparagine (5) . Both isolated substances did not give any depression of m.p. with corresponding pure substances and had identical 1 H NMR spectra with them. Other β-alkyl aspartates (2a, 2c, 2d) were prepared in a similar way, and their characteristics are presented in Table 1 . Syntheses of aspartates (2) were always accompanied by some ammonolysis reaction of β-ester groups giving the corresponding primary fatty alcohols (6) and asparagine (5) which can be easily separated as disclosed above.
Determination of Critical Micelle Concentration of the Synthesized β-Alkyl Aspartates (2)
Surface tension measurements were carried out on a Sigma 70 tensiometer (KSV) using the du Noüy ring method. The temperature was kept at 25˚C (±0.01˚C) by a cryostat Neslab RTE-200. The glassware was cleaned with chromosulfuric acid, and the ring was burned prior to use. Critical micelle concentrations (CMC) were calculated from plots of these measurements.
Determination of the Toxicity of β-Dodecyl Aspartate (2b)
Daphtoxkit F TM magna assay (MicroBio Tests Inc., Gent, Belgium) with crustaceans Daphnia magna was performed according to the standard operational procedure and based on 24 h and 48 h incubation of neonates, previously hatched from ephippia during 72 h and pre-fedded with a suspension of Spirulina microalgae 2 h prior to testing [14] . Dilutions of the surfactant (2b) were made in standard freshwater and ranged from 0. . Incubation of T. platyurus was performed with test chemicals (5 mL) for 60 min at 25˚C. After that 0.2 mL colored beads were added to test tubes. After 30 min, 3 drops of Fixative were added to test tubes. After 5 min, all larvae were dead and settled at the bottom of the tube. Organisms were collected and observed under the dissectionmicroscope (CETI, Belgium). The total number of larvae and the number of larvae with clearly colored digestive tracts were counted. Mean percentage inhibition of particle uptake (P) was calculated by the following equation:
where A-mean percentage particle uptake in the control; B-mean percentage particle uptake in the sample.
Determination of the Biodegradability of β-Dodecyl Aspartate (2b)
The values of biodegradability (biological oxygen demand during 3 days, BOD 3 ) were determined by using the manometricrespirometric OxiTop ® OC100 device (WTW GmbH, Weilheim, Germany ) was inoculated [16] . Data on manometric measurements were transferred to the computer using AchatOC (WTW GmbH, Weilheim, Germany) soft ware after 3-day incubation at 20˚C with magnetic stirring.
Results and Discussion
Synthesis of β-Alkyl Aspartates-General Considerations
Advanced surfactants-β-alkyl aspartates (2) were prepared in our laboratory by addition of ammonia to several alkyl maleates (1), the reaction proceeding according to the equation shown in Figure 1 . Hence, a residue of α-amino acid without any substituent at nitrogen and oxygen atoms was incorporated in the structure of prepared surfactants (2) . Therefore, obtained surfactants (2) might be very much better known substances for microorganisms, which decompose them after their exploitation and entering into the environment, by comparison with derivatives of N-alkyl or N-acyl α-amino acids in similar surfactants. Such a structural analogy with α-amino acids might allow further improvement the biodegradability of proposed surfactants (2) .
The rate of the addition of ammonia to maleic hemiesters (1) depends on several factors-the solvent used in the reaction, temperature of the process, reaction time, and the molar ratio of reagents. Therefore, all these factors were systematically investigated. Unfortunately, the seemingly simple addition reaction was accompanied by side reactions-the rearrangement of maleic hemiesters (1) into fumaric hemiesters (3), the last entering into the ammonia addition reactions more reluctantly than maleic hemiesters (1), as well as ammonolysis of the maleic hemiesters (1) into maleic hemiamides (4) or transformation of the reaction products-β-alkyl aspartates (2) into asparagine (5); fatty alcohols (6) eliminated in both last reactions. The mentioned undesirable side reactions decreased the yields of β-alkyl aspartates (2) and incommoded the purification of the surfactants.
Results of the above-mentioned side reactions could be easily observed in 1 H NMR spectra of technical products of these addition reactions.
Firstly, resonanse signals of protons at HC=CH bond were placed in different places in spectra-they could be found at 6.35 ppm in spectra of maleates (1) versus 6.51 and 6.01 ppm in spectra of fumarates (3), according to our measurements. The isomerisation of maleates (1) into fumarates (3) was catalysed, most likely, by ammonia. Consequently, addition of ammonia to the alkyl maleate can be followed by its elimination from the β-alkyl aspartates (2) .
Secondly, resonance signals of protons placed at α-carbon atoms in the eliminated fatty alcohols (6) (HO-CH 2 -R Both alkyl maleates (1) and β-alkyl aspartates (2) may enter the mentioned ammonolysis reaction, transforming into maleamide (4) or asparagine (5), correspondingly, the fatty alcohols (6) eliminating in both these reactions. In order to confirm the statement, the residue obtained after the separation of β-dodecyl aspartate (2b) from the reaction mixture was investigated more carefully. After extraction of 1-dodecanol (6b) from the reaction residue with hexane, a white solid was remained that has turned out to be an individual substance-D,L-asparagine (5). This fact excludes the formation of maleamide (4) as a side reaction during the transformation of maleates (1) into surfactants (2) . The decrease of the yields of surfactants (2) also implicitly adverted to the competitive elimination reaction during prolonged addition reaction time (48 hours and more). Moreover, the behavior of pure β-dodecyl aspartate (2b) was tested singly in circumstances approximated to conditions of its synthesis-heating of the surfactant (2b) with ammonia in THF at 50˚C. Tests after 6; 24 and 48 hours have confirmed significant disappearance of β-dodecyl aspartate (2b) in the reaction mixture (17.6, 31.8 and 63.0% correspondingly), and the appearance of D,L-asparagine (5), aspartic acid and dodecanol (6b) in the mixture of products (81.7%, 67.3% and 36.0% correspondingly, according to our HPLC data). The same tests at 100˚C showed the presence of a considerable amount of fumaric ester in the mixture of products-48.1% after 24 hours and 63.2% after 48 hours. The observed facts confirmed once more the hypothesis about competitive side reactions during the synthesis of β-alkyl aspartates (2).
The Influence of Reaction Conditions
The effect of solvent, temperature and duration of the ammonia addition reaction to alkyl maleates was determined approximately already during preliminary tests. The influence of the solvent was clearly pronounced-no reaction took place in methanol (MeOH) solution at room temperature during 2 -24 hours, while some addition product could be found in experiments made in tetrahydrofuran (THF) solutions. Therefore reaction time and temperature were increased in further experiments. The observed reaction rates were noticeably higher in the aprotic solvent THF than in the protic solvent MeOH solution at elevated temperatures, the best reaction conditions in these two solvents being considerably different. Surfactants (2) were obtained in acceptable preparative yields only in THF, while complex mixtures of products were always formed in MeOH solutions. The second factor affecting the reaction-its temperature seems to have the most pronounced influence both on rates and on results of the addition reaction (Figure 2) .
Our experiments were leading up to a conclusion that the best temperature interval for the addition reaction of ammonia was 40˚C -60˚C, with the maximum at ~50˚C. No isomerization of alkyl maleates (1) into alkyl fumarates (3) took place at this temperature during 24 hours (the very best selected time of syntheses), as well as the smallest ammonolysis of β-alkyl aspartates (2) could be observed in these conditions during this time; the mentioned side reactions increased considerably at temperatures above 60˚C.
The yield of the expected product (2) is closely related to its time (Figure 3) . The third factor influencing the addition reaction-its duration should not be underestimated. At least 24 hours were needed for the conversion of all the maleic hemiesters (1) into β-alkyl aspartates (2). The highest yields of the surfactants (2) (>65%) could be obtained only when all the parameters (temperature, time, molar ratio of reagents) were kept in their strictly determined limits. Even small informalities from these limits decreased yields of the expected surfactants (2) . A prolonged reaction time was considered as a disadvantage because it contributed to the elimination of ammonia from the surfactant (2) resulting in a formation of an alkyl (2) accompanied by the elimination of fatty alcohol (6) .
The fourth key factor affecting the formation of qualitative surfactants (2) is the molar ratio of reagents. It also has its optimal value, most likely, the very best molar ratio alkyl maleate/ammonia being 1:30 (Figure 4) .
If a smaller molar ratio of reagents was applied, the product mixture contained a remarkable amount of the starting material-alkyl maleate (1) after the reaction, but if the ratio highly exceeds 1:30, a notable amount of eliminated fatty alcohol (6) could be found in the product mixture as the result of the above mentioned ammonolysis reaction (Figure 5) .
The most undesirable side reaction-ammonolysis of β-alkyl aspartates (2) always accompanied their syntheses, even in the very best reaction conditions. Fatty alcohols (6) eliminate in these reactions, the yield of the last increasing with the rising reaction time. The decrease of the content of β-alkyl aspartate (2b) in the mixture of products and the corresponding increase of the content of fatty alcohol (6b) after every reaction is shown in Figure 6 .
Hence, longer reaction time than necessary is also a disadvantage for the investigated addition reaction of ammonia. Accordingly, the best conditions for syntheses of discussed surfactants-β-alkyl aspartates (2) seem to be 24 hours in THF solution at 50˚C with molar ratio alkyl maleate/ammonia = 1:30. Yields of isolated and crystallized surfactants exceed 65% in these conditions. Two approaches were used for the characterization of synthesized zwitterionic surfactants (2)-confirmation of their structures was followed by appreciation of their application possibilities. Structures of surfactants (2) were characterized by their 1 H NMR and IR spectra. Elemental analyses were also used for their certification ( Table 1) . Only few application possibilities were examined for obtained surfactants (2) in the present communication-their surface properties, toxicity and biodegradability, in order to encourage other specialists to investigate and use these materials further.
The most characteristic signals in 1 H NMR spectra of surfactants (2) (2) were those caused by ester groups ν -O-C=O , carboxylate anions ν CO2 and ammonium cations ν NH3 at 1732 -1729, 1617 -1615, and 2874 -2843 cm −1 correspondingly ( Table 1) .
Surface Activity of β-Alkyl Aspartates
The high application value of proposed surfactants (2) for washing and cleaning purposes was characterized firstly by measuring the surface tension values of their water solutions together with calculations of their critical micelle concentrations (Figure 7) . Obtained data clearly certificated usefulness of β-alkyl aspartates (2) as surfactants-these esters with zwitterionic hydrophilic group convincingly manifested powerful surface activity ( Table 2) . Figure 7 . Results of surface tension measurements of the water solutions of a surfactant (2b). Table 2 and in Figure 7 , as well as their comparison with literature data allow affirming that proposed surfactants (2) belong to materials with the highest surface activity available nowadays.
Data in
Toxicity and Biodegradability of β-Alkyl Aspartates
Surfactants (2) were expected to have low, if any, toxicity and high biodegradability, because of their pronounced similarity with natural amino acids. Results of the determination of these biological characteristics were tested only for the most representative surfactant from the investigated family-β-dodecyl aspartate (2b) in this communication.
Measurements of the toxicity of β-dodecyl aspartate (2b) were made using Daphtoxkit F TM Magna assay and Rapidtoxkit assay [14] [15]. Daphnia's are the most commonly used crustacean test species for determination of the effects of xenobiotics on primary consumers in freshwater aquatic ecosystems [14] . Inhibition effect of β-dodecyl aspartate (2b) on D. magna is shown in Figure 8 .
The EC 50 (half maximum effective concentration) for (2b) after 24 h and 48 h was found to be 15.0 mg•L −1 and 7.0 mg•L −1 , respectively. This level of ecotoxicity can be considered as similar to most widely used surfactants nowadays, e.g., sodium monododecyl sulfate, which exhibited the 48 h EC 50 for D. magna in the range from 8.2 to 9.0 mg•L −1 [17] . Rapidtoxkit microbiotest was applied for evaluating the toxic effect of β-dodecyl aspartate (2b) on freshwater crustacean T. platyurus. As a guideline, 30% inhibition of particle uptake was suggested as "a threshold signal" for the presence of "unwanted compounds" in the water sample [18] [19] . NałęczJawecki and coworkers [18] have compared the results on sodium dodecyl sulphate toxicity obtained in: 1) 60 min sublethal assay with anostracan crustaceans Thamnocephalus platyurus and 2) 24 h lethality assays with rotifers Brachionus calyciflorus.
The toxicity values observed in the ingestion tests were very close to the mortality values. A strong correlation was reported between the two microbiotests performed with Thamnocephalus platyurus (Rapidtoxkit and Thamnotoxkit); a very good correspondence between the sublethal and the lethal effects, respectively was shown [19] . Therefore, the use of Rapidtoxkit for evaluating a potential toxicity of our investigated surfactants (2) can be considered as suitable.
Incubation of T. platyurus during 60 min in the presence of β-dodecyl aspartate (2b) tested in the concentration range from 0.78 to 50.00 mg•L −1 has revealed the 30% inhibition of particle uptake by T. platyurus at 3.13 mg•L −1 of 2b (Figure 9 ). Biodegradability of the β-dodecyl aspartate (2b) was determined by CO 2 evolution in sealed bottles. OxiTop measurements simulate biological processes of wastewater treatment plants. The bacterial consortium with hydrocarbon degrading activity was incubated in our experiments in BH broth with the surfactant (2b) (10 mg•L , respectively. These data indicate to the potential biodegradability of the β-dodecyl aspartate (2b) by microorganisms. Further biodegradation experiments of these promising surfactants are needed, in particular, determination of BOD 28 under OECD screening test conditions [20] . They are in progress at present.
Conclusions
1) Unsubstituted β-alkyl aspartates can be obtained in a simple addition reaction of ammonia to maleic he-miesters.
2) The reaction demands the maintenance of accurate reaction conditions-temperature 50˚C, reaction duration 24 hours and the stirring rate of the mixture 300 rpm.
3) Unsubstituted β-alkyl aspartates belong to materials with the highest surface activity available nowadays. 4) These surfactants show high biodegradability and very low toxicity when tested by standard methods.
